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A. Flow modelling results 
The TELEMAC-3D model was run for an 87 day period. 
Time-series comparisons of temperature, salinity, free surface 
elevation and current speed and direction can be seen in Figs 
4-8. 
 
The time series plots show good agreement for the 
temperature, the salinity and the free surface. There is better 
agreement at the bed than at the surface. 
 
 
Unfortunately, there is only approximate agreement for the 
speed and direction. The TELEMAC-3D current speeds tend 
to be lower than the HYCOM speeds at the surface.  
 
 
 
 
Figure 4.  TELEMAC/HYCOM temperature comparisons at model centre 
point 
 
 
 
 
Figure 5.  TELEMAC/HYCOM salinity comparisons at model centre point 
 
Figure 6.  TELEMAC/HYCOM free surface elevation comparisons at model 
centre point 
 
 
 
Figure 7.  TELEMAC/HYCOM speeed comparisons at model centre point 
 
 
 
 
Figure 8.  TELEMAC/HYCOM direction comparisons at model centre point 
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The global ocean model data from HYCOM includes flow 
from large-scale oceanic currents, and when this is applied as 
boundary input to TELEMAC-3D it has been shown that the 
flow structure has been maintained across the model domain. 
For example, stratification of the flow has been shown to be 
preserved in the centre of the TELEMAC-3D model domain. 
However, it is highlighted that the TELEMAC-3D model 
extent remains very small and that it does not demonstrate the 
ability of TELEMAC-3D to develop its own internal ocean 
currents. 
 
IV. HYDROSTATIC INCONSISTENCY 
Hydrostatic inconsistency is a phenomenon that occurs if the 
grid planes in a 3D flow model are not horizontal. When the 
model is computing the hydrostatic pressure gradient it has to 
estimate the horizontal gradient of density. With grid planes 
that are not horizontal it is usual to compute this density 
gradient as a combination of the variation of density in the 
vertical direction and the variation along a model grid plane. 
Depending on how far from horizontal the model grid planes 
are, the horizontal density gradient (which may be small or 
even zero if the water is nearly stationary) can become the 
small difference of two much larger terms and therefore quite 
inaccurate.  
The well-known consequence of this is that if a model with 
non-horizontal grid planes is initialised with water at rest and 
a density variation only in the vertical direction, the water may 
begin to move. Under these conditions the water should 
remain stationary as there is no horizontal pressure gradient. 
In fact, even if horizontal grid planes are selected in 
TELEMAC-3D and the model has sloping sides, it is likely 
that the water will move. 
The following criterion related to the geometry of the sigma 
grid has been considered [3] to apply for hydrostatic 
inconsistency not to occur (however many have found that this 
condition may not be necessary even if it is sufficient). 
 
H is water depth, σ is a vertical co-ordinate varying from 0 at 
the surface to -1 at the bed, δxH is the horizontal change in 
depth of adjacent grid cells and δσ is the vertical cell size of a 
sigma grid cell. At the bed σ is -1 so this condition places a 
strong requirement there that gets less in the upper layers and 
disappears at the surface where σ is zero.  
With 20 layers the horizontal change in depth δxH can be only 
a 20th of the water depth which is a strong requirement on the 
bed slope. Sometimes bed smoothing is applied and this can 
help with the criterion if it reduces the bed gradient. 
Clearly the criterion can be satisfied by refining the horizontal 
grid size as long as the vertical grid is not also refined. On the 
other hand, if the horizontal grid size is kept the same while 
refining the vertical grid size near the bed in order to model 
near bed sediment processes the criterion will rapidly be 
violated. 
The criterion also indicates that the highest node at the bed in 
a cell should be lower than the lowest node of the next model 
layer above the bed. This is the criterion TELEMAC-3D uses 
to invoke the “Hydrostatic Inconsistency Filter”. The result of 
using the filter is to switch off the horizontal gradient of 
density in the pressure calculation. In some cases this will 
falsify the result (e.g. where there is a uniform horizontal 
density gradient across the model) but often it will reduce the 
issue of hydrostatic inconsistency.  
Hydrostatic inconsistency can be a cause of failure of a model 
to simulate real flows correctly as the velocities that it creates 
may be as large as the currents that are being simulated or may 
even create instability so no simulation can be produced. So it 
is important to have strategies to deal with it. 
A quantity of simulations have been carried out with different 
layering approaches in TELEMAC-3D and different 
parameter selections. In particular the “Hydrostatic 
Inconsistency Filter” key-word has been selected as this has 
been introduced to counter inconsistency problems. The 
keyword means that elements whose geometry involves one 
node of the lower layer (layer n) in the element being higher 
than another node of the layer above (layer n+1) in the same 
element then the horizontal gradient of density is set to zero. 
This criterion selects elements that have a high slope of the 
grid planes and large horizontal element size. By refining the 
mesh horizontally an element can always be resolved into a 
larger number of elements that do not violate this criterion. 
It is found that with an initial vertical density variation that is 
linear through depth it is possible, by invoking the hydrostatic 
inconsistency filter, to remove the hydrostatic inconsistency. 
However this does not happen if the vertical density variation 
is even slightly non-linear. Although the water should still 
remain stationary in this case, if the vertical density variation 
is slightly non-linear then a comparatively small current is 
produced, but not zero. 
This was found to be the case both with classic sigma layers 
(equally spaced) and also with horizontal planes. In the case of 
horizontal planes with a sloping boundary there will always be 
slopes in the last element before the wall (Fig 9). This is 
where the currents begin. See Figs 10 and 11 for the current 
speed after 17 days for a slightly non-linear vertical density 
profile for classic sigma co-ordinates and for horizontal 
planes. The horizontal planes solution is seen to create less 
unreal currents, especially near the bed where inconsistency is 
large with sigma co-ordinates.   
Fig 12 shows a start condition with a sharp step in the density 
which varies only in the vertical. The mesh is flat planes but at 
the edges they cannot be wholly flat. After 17 days (Fig 13) 
the density step has largely been eroded as a result of 
hydrostatic inconsistency flows. In the case of a step density 
profile the hydrostatic inconsistency is clearly creating much 
larger and more disruptive currents than with the only slightly 
non-linear profile. 
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Figure 9.  Meshes using flat planes (above) and sigma coordinates (below) 
note the depth is 1000m – exaggerated x400 for figures 
 
Another strategy that is often available in cases where the 
density varies mostly in the vertical (as in the cases depicted 
here) is to compute the average vertical density at each level 
over the entire domain. As a variation of density in the vertical 
alone has no effect on the flow, this average density at each 
node location can be subtracted leaving small density values 
everywhere (and zero values if the density gradient is only in 
the vertical direction). This can greatly reduce (or remove) the 
hydrostatic inconsistency.    
 
 
Figure 10.  After 17 days sigma coordinates, slightly non-linear density profile  
 
Figure 11.  After 17 days flat planes, slightly non-linear density profile  
 
 
 
Figure 12.  Initial condition (step profile) with flat planes 
 
 
Figure 13.  After 17 days initally step density profile with flat planes 
V. CONCLUSIONS AND FUTURE WORK 
Hydrostatic inconsistency is a problem that is likely to occur 
in TELEMAC-3D with non-linear vertical density profiles. 
However ways of reducing the effect have been described.  
 
The future work will include modelling the flow past a 
schematic seamount (a submerged mountain) and proceed to 
modelling a larger area of coastal current including the use of 
sponge layer boundary conditions.  
 
REFERENCES 
[1] R. Bleck, “An oceanic general circulation model framed in hybrid 
isopycnic-cartesian coordinates,” Ocean Modelling, vol. 4, pp. 55–88, 
2002. 
[2] E. P. Chassignet, H. E. Hurlburt, O. M. Smedstad, G. R. Halliwell, P. J. 
Hogan, A. J. Wallcraft, R. Baraille and R. Bleck, “The HYCOM 
(Hybrid Coordinate Ocean Model) data assimilative system,” Journal of 
Marine Systems 65 (1-4), pp.60–83, 2007. 
[3] G. L. Mellor, T. Ezer and L.-Y. Oey, “The pressure gradient conundrum 
of sigma coordinate ocean models,” in Journal of Atmospheric and 
Oceanic Technology, vol. 11, pp 1126-1134, 1993. 
 
